Abstract: Passive sampling for airborne volatile organic compounds (VOCs) has gained popularity; however, diffusive uptake rates (URs) have been experimentally determined for only a small subset of VOCs. This study aims to develop empirical models that can interpolate effective URs (UR eff ) for a wide range of VOCs. The modelling was based on the standard automated thermal desorption (ATD) tubes packed with Tenax TA and targeted the sampling efficiency (α), defined as the ratio between the ideal UR (UR ideal ) and UR eff . Available experimentally determined URs were compiled from literature. Method detection limits were determined on a thermal desorption-gas chromatography/mass spectrometry (TD-GC/MS) system. The 8-h UR eff can be modeled with retention volumes or boiling points (BPs) and the biases were within ±20%. The α for 7-day UR eff can be estimated by the model: α = 0.3626 Ln(BP) − 1.2324. The 8-h and 7-day UR eff values were then compiled for 75 VOCs commonly encountered in the environmental and occupational settings. The TD analytical method showed high precision, linearity and sensitivity, suitable for measuring indoor and outdoor VOCs. The approach and data presented here are anticipated to ease passive monitoring of VOCs for the general users.
Introduction
Volatile organic compound (VOC) contamination represents a health concern in indoor, outdoor and occupational environments [1, 2] . Current exposure and risk assessment of VOCs requires representative exposure measurements, which are achieved by large sample sizes and frequent and long-term sampling [3] . For example, the U.S. Environmental Protection Agency (EPA) requires monitoring programs to collect air samples once every 6 or 12 days [4] . Sample sizes of several hundred are common in large survey studies, e.g., Relationship of Indoor, Outdoor and Personal Air (RIOPA) study [5] , National Health and Nutrition Examination Surveys (NAHANES) [6] and urban air toxics studies [7] . Thus, there is a critical need for simple, low-cost and reliable VOC measurement methods to realistically evaluate public health risks and regulation compliance.
Passive sampling is a widely used sampling technique for determining time-weighted average concentrations of airborne VOCs [8, 9] . There are three major types of passive samplers: axial tube-type sampler, badge sampler and radial sampler. The stainless-steel automated thermal desorption (ATD) tube has been widely employed since it offers some clear advantages compared to other methods [10] . First, the field sampling is very easy: the methods only requires removal and replacement of sealing caps and does not require a pump as opposed to the active sampling method. Second, these small samplers are easy and inexpensive for shipping and storage, in comparison to bulky canisters favored by the U.S. EPA [4] . Third, the laboratory analysis of ATD tubes is simple with the latest thermal 2 of 19 desorption-gas chromatography/mass spectrometry (TD-GC/MS) instrumentation. The major ATD systems-e.g., Markes International, PerkinElmer and Gerstel-are all equipped with an internal standard addition module that allows analyzing tubes with minimum or no sample preparation. Fourth, ATD tube-type samplers are preferred over badge samplers for the high sensitivity, low background, no need for extraction solvents and reusability for over 100 desorption times. In summary, passive sampling with ATD tubes can reduce field and lab staff's burden, save the cost and obtain high quality analytical performance.
The most challenging step in passive sampling is to determine the sampling rates or diffusive uptake rates (URs) [11] . ATD tubes offer the greatest flexibility for users to select sorbents and determine tube configuration but at the same time, add complexity to the UR determination. Many studies have determined URs from the diffusion theory [12] , in laboratory chambers [13] [14] [15] [16] and by comparing active and passive sampling in the field [17, 18] . Many factors influence URs, including sorbent selection, tube configuration, exposure duration and environmental conditions. The effective UR (UR eff ) is preferred as theoretically derived URs display large biases in the field [19] . Unfortunately, only a small subset of VOCs has their UR eff values determined and validated in laboratory and/or field. The determination requires complex instruments, well-controlled laboratory environments and time-consuming field tests, making it impractical for the general users to determine URs experimentally.
The stainless-steel ATD tubes are the most popular, industry standard tubes for VOC sampling. Use of ATD tubes could be traced back to 1970s and tens of studies have applied and/or validated the passive sampling using ATD tubes. Many organizations have established standards based on ATD tubes [20, 21] , e.g., ISO 16017-2 [22] , ASTM D6196 [23] , EPA325b [24] and TO-17 [25] methods. However, even the most comprehensive reviews and compilations cover URs for limited numbers of compounds for each specific tube configuration and these URs were determined mainly for occupational applications. Current analytical laboratories are capable of analyzing tens of compounds, as standard mixtures containing >70 compounds are commercially available and GC/MS can be calibrated to analyze these compounds in one single injection. It is then an imperative task to determine UR eff values for new compounds without laboratory or field experiments. This study aims to develop models that can estimate UR eff values with available UR measurements and physicochemical properties. We then determine the method detection limits (MDLs) with the state-of-the-art TD-GC/MS system for a wide range of VOCs commonly found in community and occupational settings. We also make recommendations for passive sampling with ATD tubes.
Methods

The Passive Diffusion Theory
The theory for the passive diffusion process, primarily defined by the Fick's First Law, has been well established and studied [19, 26] . For a specific VOC, the ideal uptake rate (UR ideal , in mL/min) is determined as:
where D = the diffusion coefficient of the compound (cm 2 /s), A = the cross-sectional area of the tube (cm 2 ), L = the air gap between the sampling end of the tube and the surface of sorbent (cm) and 60 = the conversion coefficient from mL/s to mL/min. D is a physical property of the chemical that can be experimentally determined or modelled. UR ideal can be theoretically calculated for any compound given a certain tube geometry of A/L. In reality, the UR eff differs considerably from the UR ideal due to volatility of the chemical, weak sorbent, back diffusion and sorbent saturation during long-term sampling [19, 27] . UR eff is a percentage of UR ideal and this percentage can be defined as the sampling efficiency α:
The key is to determine α for any given exposure duration, e.g., 8 h or 7 days. 
Standard ATD Tubes
The standard ATD sorbent tube has a dimension of 89 mm long × 6.4 mm o.d. × 5 mm i.d. When in use, the sampler has, from the sampling end, a diffusion cap, an air gap, a retaining gauze mesh, a sorbent bed, another retaining gauze and a spring (Figure 1 ). Note:
(1) The air gap (L) is 15 mm between the sampling end and sorbent surface when a diffusion cap is fitted. The UR changes with or without the diffusion cap, as it changes the air gap [28] . It is recommended to use the diffusion cap during passive sampling, as it prevents the convective transport of chemical molecules. (2) The cross-sectional diffusion area (A) is 0.196 cm 2 . The retaining gaze has a pore size of 80 mesh and the wire is 0.21 mm in diameter, giving an effective area of 46% of the full area by calculation. Previous studies [15, 18] assumed full cross-sectional diffusion area without considering the effective area on the retaining gauze. This assumption is questionable; however, it does not impact the determination of UR eff , since UR eff is not determined directly from the tube geometry, rather, by experiments or modelling as presented later. (3) The sorbent tube is packed with only one sorbent for the passive sampling purpose. The multisorbent configuration is not necessary, as the later sorbent layers do not contact compounds. Tenax TA is the most common sorbent due to its high thermal stability, low inherent artifacts and degradation, hydrophobicity and accommodation for wide volatility [29, 30] . It also allows efficient desorption and displays optimal GC performance when used as a chromatographic stationary phase. An ATD tube is typically packed with 150-250 mg of Tenax TA, allowing both active and passive sampling.
Thus, this study estimates UR eff values for standard ATD tubes packed with 200 mg of Tenax TA, with L = 1.5 cm and A = 0.196 cm 2 . These parameters agree with those listed in a previous study [15] . The key is to determine α for any given exposure duration, e.g., 8 h or 7 days.
(1) The air gap (L) is 15 mm between the sampling end and sorbent surface when a diffusion cap is fitted. The UR changes with or without the diffusion cap, as it changes the air gap [28] . It is recommended to use the diffusion cap during passive sampling, as it prevents the convective transport of chemical molecules. (2) The cross-sectional diffusion area (A) is 0.196 cm 2 . The retaining gaze has a pore size of 80 mesh and the wire is 0.21 mm in diameter, giving an effective area of 46% of the full area by calculation. Previous studies [15, 18] assumed full cross-sectional diffusion area without considering the effective area on the retaining gauze. This assumption is questionable; however, it does not impact the determination of UReff, since UReff is not determined directly from the tube geometry, rather, by experiments or modelling as presented later. (3) The sorbent tube is packed with only one sorbent for the passive sampling purpose. The multisorbent configuration is not necessary, as the later sorbent layers do not contact compounds. Tenax TA is the most common sorbent due to its high thermal stability, low inherent artifacts and degradation, hydrophobicity and accommodation for wide volatility [29, 30] . It also allows efficient desorption and displays optimal GC performance when used as a chromatographic stationary phase. An ATD tube is typically packed with 150-250 mg of Tenax TA, allowing both active and passive sampling.
Thus, this study estimates UReff values for standard ATD tubes packed with 200 mg of Tenax TA, with L = 1.5 cm and A = 0.196 cm 2 . These parameters agree with those listed in a previous study [15] . The standard tubes are commercially available from a number of vendors, e.g., 
Diffusion Coefficients
Diffusion coefficients (Ds) can be obtained from many chemical properties handbooks. U.S. EPA developed a user-friendly on-line diffusion coefficient calculator [31] . This online tool uses three models to estimate the D for a chemical based on its molecular structure and boiling point [32] . The three models give very close estimates and thus the average of three estimates was used in this study. D does not change with respect to chemical concentrations or the sorbent but is dependent on temperature. DT at any absolute temperature (T) is calculated as a function of D298 at 25 °C (298 K): DT = D298 (T/298) 1.75 (3) 
Diffusion coefficients (Ds) can be obtained from many chemical properties handbooks. U.S. EPA developed a user-friendly on-line diffusion coefficient calculator [31] . This online tool uses three models to estimate the D for a chemical based on its molecular structure and boiling point [32] . The three models give very close estimates and thus the average of three estimates was used in this study. 
Modeling Short-Term Effective Uptake Rates
For short-term (8 h) sampling in workplaces, the work by European Standards, Measurements and Testing Programme (SMT) shows that α has an empirical linear relationship with logarithm retention volume (Vg, in L) [33] :
8h-α = 0.154 Log 10 Vg + 0.4
Vg values are available for many common VOCs in the latest ASTM protocol [23] . If it is unavailable, Vg can be experimentally determined following an established protocol [34] . Brown and Purnell's fundamental work shows that Log 10 Vg and boiling point (BP, in • C) are highly correlated for most VOCs [35] . We then fitted Log 10 Vg against BP using the Vg data in the ASTM protocol. Log 10 Vg and BP displayed close relationships for alkanes, aromatics, chlorinated compounds, acetates and acrylates:
Log 10 Vg = 0.0283 × BP − 1.2559
The regression line showed high linearity (R 2 = 0.98, Figure 2 ). Thus, Vg can be interpolated for these chemical groups if direct Vg measurements are unavailable. 
Vg values are available for many common VOCs in the latest ASTM protocol [23] . If it is unavailable, Vg can be experimentally determined following an established protocol [34] . Brown and Purnell's fundamental work shows that Log10Vg and boiling point (BP, in °C) are highly correlated for most VOCs [35] . We then fitted Log10Vg against BP using the Vg data in the ASTM protocol. Log10Vg and BP displayed close relationships for alkanes, aromatics, chlorinated compounds, acetates and acrylates:
The regression line showed high linearity (R 2 = 0.98, Figure 2 ). Thus, Vg can be interpolated for these chemical groups if direct Vg measurements are unavailable. The performance of modeling 8h-UReff using Equations (4) was then evaluated by comparing modeled UReff against measured UReff. This comparison used 25 compounds that had both measured 8h-UReff and Vg values from the ASTM protocol [23] . We also evaluated model performance for 47 compounds whose Vg values were unavailable but could be modeled by Equation (5) . The measured 8h-UReff values were taken from the manufacturer's application note [36] , which summarized URs from over 10 data sources. All the data were summarized in Table A1 . A relative bias of ±20% was considered acceptable.
Modeling Long-Term Effective Uptake Rates
For long-term (7 days) environmental sampling, we used URs from Walgraeve et al.'s study [18] . This study determined 7d-UReff values on standard Tenax TA ATD tubes for a total of 25 VOCs commonly found in indoor and outdoor air (Table A2 ). Most of the VOC measurements were below 10 µg/m 3 , with a few up to 150 µg/m 3 . Although many studies measured URs in chamber, a recent study recommended field calibration [37] . We propose the following three models:
Model (1) assumes 7d-α to be a constant across all the compounds for a given exposure duration. With calculated URideal and measured UReff, we can derive 7d-α by regressing UReff against URideal. The UReff for another compound will then be calculated by multiplying its URideal by 7d-α. This approach has been reported in two previous studies [38, 39] . The performance of modeling 8h-UR eff using Equations (4) was then evaluated by comparing modeled UR eff against measured UR eff . This comparison used 25 compounds that had both measured 8h-UR eff and Vg values from the ASTM protocol [23] . We also evaluated model performance for 47 compounds whose Vg values were unavailable but could be modeled by Equation (5). The measured 8h-UR eff values were taken from the manufacturer's application note [36] , which summarized URs from over 10 data sources. All the data were summarized in Table A1 . A relative bias of ±20% was considered acceptable.
For long-term (7 days) environmental sampling, we used URs from Walgraeve et al.'s study [18] . This study determined 7d-UR eff values on standard Tenax TA ATD tubes for a total of 25 VOCs commonly found in indoor and outdoor air (Table A2 ). Most of the VOC measurements were below 10 µg/m 3 , with a few up to 150 µg/m 3 . Although many studies measured URs in chamber, a recent study recommended field calibration [37] . We propose the following three models:
Model (1) assumes 7d-α to be a constant across all the compounds for a given exposure duration. With calculated UR ideal and measured UR eff , we can derive 7d-α by regressing UR eff against UR ideal . The UR eff for another compound will then be calculated by multiplying its UR ideal by 7d-α. This approach has been reported in two previous studies [38, 39] .
Model (2) assumes 7d-α to be a variable dependent on volatility and exposure duration. This is particularly true when much lower UR eff values have been observed for more volatile compounds and on weak sorbents like Tenax during long-term sampling periods [40, 41] . Similar to Equation (4), we propose that 7d-α be expressed as a linear function of BP:
Model (3) is similar to Model (2) but we propose that 7d-α be expressed as a linear function of Ln(BP):
The 7d-α was calculated by dividing UR eff by UR ideal for each compound. To fit Model (1), we regressed UR eff against UR ideal without constant. To fit Models (2) and (3), we regressed 7d-α against BP or Ln(BP), respectively. We found a low UR eff for α-pinene and treated it as an outlier and excluded it from Model (1) fitting. The low UR eff of α-pinene might be caused by decomposition on Tenax during sampling [42] and storage [43] . We also excluded hexanal as the relationship between log 10 Vg and BP was not established for aldehydes due to lack of data [35] . We conducted regression analyses in Microsoft Excel and SAS (Version 9.4, SAS Institute Inc., Cary, NC, USA). The best-fit models were selected by checking the regression lines and regression R 2 . The linear relationship was confirmed by checking the pattern of residual points in the linear regression residual plot.
Determination of MDLs
Laboratory performance tests were conducted to determine the method detection limits (MDLs) of passive VOC sampling using ATD tubes followed by TD-GC/MS analysis. VOC standard solutions were prepared using EPA 524 VOC Mix (Part #: 502111, Sigma-Aldrich), EPA 524 Rev. 4 Update Mix, Part #: 47427-U, Sigma-Aldrich), C7-C17 alkanes (Part #: 49451-U, Sigma-Aldrich) and individual pure chemicals from Sigma-Aldrich. These compounds included aromatic, halogenated, aliphatic and terpenoid compounds, most listed as hazardous air pollutants (HAPs) by the U.S. EPA. Series solutions were prepared at 0.2, 0.5, 1.0, 5.0, 10, 40 and 200 µg/mL in methanol.
A Tenax TA ATD tube (Catalog No. C1-AXXX-5003, Markes International, Llantrisant, UK) was spiked with 1.0 µL of the solution on a calibration solution loading rig (Model: CSLR, Markes International, Llantrisant, UK) with a helium purge flow of 60 mL/min. After the spiking, the tube was retained on the rig for 3 min to ensure all the analytes were delivered and most of the solvent was purged. The spiked tubes were then placed in the autosampler of a TD system (ULTRA 2 + UNITY 2, Markes International, Llantrisant, UK). The TD was connected to a GC/MS system (Agilent 7890A/5975C, Agilent, Santa Clara, CA, USA). Conditions of the TD-GC/MS analysis were summarized in Table 1 . An HP-5MS Ultra Inert GC column was used as it had low bleeding, good separation and fast elution [44] . After analysis, a list of 75 target compounds were identified and confirmed using NIST 2005 Spectral Library in ChemStation.
The calibration was established by analyzing all the 7 concentrations for each compound. The linearity was assessed by the R 2 of the linear regression line. We also calculated the relative standard deviation (RSD, in %) of 7 relative response factors (RRFs). RRF at a calibration level is determined as follows:
where A S = peak area for quantitation ion of the target compound; A IS = peak area for quantitation ion of the assigned internal standard compound; C S = concentration of the target compound; C IS = concentration of the assigned internal standard compound. The RSD of RRFs calculated at 7 calibration levels was then calculated as:
RSD (in %) = Standard deviation of (7 RRFs)/Mean (7 RRFs) × 100% (9) An R 2 of ≥0.99 and RSD of ≤30% were considered acceptable [4] . Duplicate analyses were conducted for each calibration level to determine the duplicate precision, expressed as percent difference:
where X 1 = First measurement value; X 2 = Second measurement value; and X = Average of the two values. The lowest concentration of 0.2 µg/mL was analyzed 7 times to determine the MDL. The MDL was calculated by multiplying standard deviation of 7 determined masses by 3.14, the one-sided student's T value at 99% confidence corresponding to 7 spikes analyzed. The tube preparation, cleaning and handling strictly followed the manufacturer's instructions. The MS was tuned following the tuning procedure before the analysis. A number of blank tubes were analyzed to check if the tubes had background contamination.
Results
Effective Uptake Rates (UR eff ) for Short-Term Workplace Sampling
Short-term UR eff on Tenax ATD tubes can be modeled using available Vg or BP values with acceptable biases. In Figure 3 , Modeled 8h-UR eff values based on Vg values were all within ±20% of the measured 8h-UR eff values, except for C9-C12 alkanes (Table A1) . If direct Vg values were unavailable, 8h-UR eff values were modeled using BP and the modeled values were within ±20% of the measured 8h-UR eff values for most compounds. Besides the chemical groups referred by Figure 2 , we found 8h-UR eff values estimated by Equations (4) and (5) also applied to ketones and α-pinene. The models did not work for C9-C16 straight-chain alkanes or naphthalene though. 
Effective Uptake Rates for Long-Term Environmental Sampling
Models for estimating long-term UReff in environmental sampling are compared in Figure 4 . In Model (1), the 7d-UReff had an average sampling efficiency (α) of 0.49 ( Figure 4A ), meaning UReff is only half of the URideal on average. However, the scatter plot between UReff and URideal did not show a simple linear relationship. In contrast, Models (2) and (3) indicated a good linear relationship between 7d-α and BP (in °C, Figure 4B ,C). Comparing the R 2 of Models (2) and (3) showed that Model (3), i.e., Ln(BP) as a predicting variable, gave better fitting. The points of residual plot from Model (3) were randomly distributed ( Figure A1 ), confirming that a linear relationship between 7d-α and LnBP was appropriate. We also tried BP in absolute temperature as a predicting variable in Model (3) but obtained a lower R 2 of 0.80. Thus, the 7-day passive sampling efficiency can be calculated using the following empirical equation: 
Models for estimating long-term UR eff in environmental sampling are compared in Figure 4 . In Model (1), the 7d-UR eff had an average sampling efficiency (α) of 0.49 ( Figure 4A ), meaning UR eff is only half of the UR ideal on average. However, the scatter plot between UR eff and UR ideal did not show a simple linear relationship. In contrast, Models (2) and (3) indicated a good linear relationship between 7d-α and BP (in • C, Figure 4B ,C). Comparing the R 2 of Models (2) and (3) showed that Model (3), i.e., Ln(BP) as a predicting variable, gave better fitting. The points of residual plot from Model (3) were randomly distributed ( Figure A1 ), confirming that a linear relationship between 7d-α and LnBP was appropriate. We also tried BP in absolute temperature as a predicting variable in Model (3) but obtained a lower R 2 of 0.80. Thus, the 7-day passive sampling efficiency can be calculated using the following empirical equation: 
Models for estimating long-term UReff in environmental sampling are compared in Figure 4 . In Model (1), the 7d-UReff had an average sampling efficiency (α) of 0.49 ( Figure 4A ), meaning UReff is only half of the URideal on average. However, the scatter plot between UReff and URideal did not show a simple linear relationship. In contrast, Models (2) and (3) indicated a good linear relationship between 7d-α and BP (in °C, Figure 4B ,C). Comparing the R 2 of Models (2) and (3) showed that Model (3), i.e., Ln(BP) as a predicting variable, gave better fitting. The points of residual plot from Model (3) were randomly distributed ( Figure A1 ), confirming that a linear relationship between 7d-α and LnBP was appropriate. We also tried BP in absolute temperature as a predicting variable in Model (3) but obtained a lower R 2 of 0.80. Thus, the 7-day passive sampling efficiency can be calculated using the following empirical equation: Then the UR eff is calculated for a VOC by Equation (2). Equation (11) suggests that more volatile chemicals will have large loss during long-term passive sampling, which agreed with the literature [28, 40, 45] .
Compilation of Ideal and Effective URs
For the convenience of use, we calculated diffusion coefficients at 25 • C (D 298 ) for 75 common VOCs and then determined their 7d-and 8h-UR eff values, as summarized in Table 2 . UR eff values of other compounds can be derived using Equations (4), (5) and (11) . In short-term workplace sampling, the median 8h-UR eff is 0.47 mL/min (min-max: 0.25-0.68 mL/min), corresponding to 0.23 L (0.12-0.33 L) of sampling volumes. In long-term environmental sampling, the median 7d-UR eff is 0.32 mL/min (0.13-0.43 mL/min), resulting in a median sampling volume of 3.2 L (1.3-4.3 L) at 25 • C. 6 Values in bold are measured 8-h effective uptake rates from [36] ; other values are calculated using Equations (2), (4) and (5); 7 Values in bold are measured 7-day effective uptake rates from [18] ; other values are calculated using Equations (2) and (11).
Analytical Performance and MDLs
The retention times (RTs) ranged from 1.907 min to 14.118 min for the 75 target compounds (Table 3) . These RTs had variations within ±0.1 min. Blank tubes did not show any target VOCs except for trace levels of benzene, toluene, ethyl benzene and xylenes (BTEX, <0.1 ng). The average duplicate precision over the calibration range was within 10% for most compounds. The high percent differences for a few compounds were mainly caused by poor precisions at low concentrations. The R 2 of linear calibration curves were all above 0.99 and most were above 0.999. RSDs of linear curves were all within 30% except for a few polar compounds, e.g., tetrahydrofuran, phenol and nitrobenzene. The MDLs ranged from 0.02 to 0.16 ng and this range indicted that the spiked amount (0.2 ng) met the criterion that it should be between MDL and 10-fold MDL [4] . Based on the 8-h and 7-day sampling rates, the MDLs can be expressed as 0.01 to 0.05 µg/m 3 for 7-day environmental sampling and 0.08 to 0.86 µg/m 3 for 8-h workplace sampling. The sample quantitation limits (SQLs) can be derived from MDLs as an SQL is defined as 3.18 times the MDL concentration [4] . 
Discussion
We developed empirical models that can estimate UR eff values for a wide range of VOCs. Previous work developed Freundlich isotherm models [47, 48] , multilayer saturation models [12, 49] and several computer programs [50, 51] . However, the complexity and unavailability of parameters or programs impede the easy adoption of these models. Our models were an attempt to simplify the modeling process with reasonable biases. The relative biases of modeled 7d-UR eff values were within 20% except for 1,2-dichloroethane (36%), in comparison to measured UR eff values (Table A2 ). The relative biases of modeled 8h-UR eff values were mostly within ±20% from measured values too. These biases were acceptable, considering the 16-69% variation of URs under different environmental conditions [37] , inter-laboratory variation of 40% [52] and U.S. EPA's criterion of ≤30% for accuracy [25] .
The laboratory analysis using TD-GC/MS shows excellent performance. The high reproducibility, linearity and sensitivity meet requirements by the U.S. EPA [4] . In particular, the MDLs are comparable with or superior to reported MDLs using tube-type passive samplers [44, 53] . The sensitivity is sufficient for concentrations commonly found in indoor environments [7, 54] and ambient air [55] .
The empirical models are applicable under certain conditions. The samplers should be standard Tenax TA ATD tubes. Models only apply to nonpolar chemicals and a few polar chemical groups, including aromatics, branched alkanes and cycloalkanes, chlorinated compounds, acetates, acrylates and ketones. Models do not apply to alcohols, acids, anhydrides, higher amines, or chlorobenzene as their retention volumes on the ATD tube and boiling points did not show simple linear relationship [35] . The measured and modeled UR eff values are valid for 8-h and 7-day sampling in occupational and environmental settings, respectively. ATD tubes are not recommended for very short passive sampling, given the considerable variability of the UR during the first hours [27, 56] . According to requirements for determining the retention volumes [34] and ASTM's sampling protocols [23] , ATD tubes can be used for 4-8 h passive sampling of job-related chemicals at a concentration range of 100 µg/m 3 -100 mg/m 3 in workplaces.
In environmental applications, the sampling duration must be sufficient to collect enough mass measurable by GC/MS [11] . Although the current TD-GC/MS is sensitive enough for even <1 day samples, 7-day integrated samples are preferred in practice for several reasons. The total sample volume of~3 L is appropriate for the generally low levels of VOCs in environmental settings. The 7-day sampling reflects the long-term exposure and accounts for weekday and weekend variations. UR eff values in Table 2 are the best estimates for 7-day sampling as they were modelled from 7-day UR data. The applicable concentration range is from the detection limit to 10 µg/m 3 based on the original measurements. ASTM states that uptake rates are valid for a concentration range of 1 µg/m 3 -1 mg/m 3 for individual compounds for 4-week exposure time. Combining these two ranges, the 7d-UR eff values are valid for a concentration range from the detection limit to 1 mg/m 3 for individual compounds.
Several limitations should be recognized in our modeling approach. Our models were applicable to the specific sampling durations and a specific ATD tube configuration. Laboratory, field and theoretical validations are needed for other sampling methods that involve different sorbents, exposure durations, concentration ranges and/or microenvironments. The 7d-UR eff values were modeled based on measured UR eff data from only one study. We conducted an extensive search but only found this study measured UR eff for over 20 VOCs. We assumed that the diffusion geometry is the same for all the standard tubes. In reality, within-vendor and between-vendor variations may exist in the diffusion cap, air gap, tube inside diameter and retaining gauze. The simplified models did not include other influential parameters, such as air velocity, humidity, chemical concentration, interference and competition of chemicals and degradation and artifacts [19] . They also bypassed complex calculations involving other physicochemical properties, chemical-adsorbent interaction and adsorption isotherm. For example, terpenes, aromatics, acetates and alkanes displayed different UR change patterns with respect to exposure time [40] . The efficiency of passive samplers is strongly influenced by adsorption isotherms, such as Langmuir, Freundlich and Dubinin-Radushkevich isotherms [48] . The scarcity and inconsistency of UR data warrants more laboratory and field measurements and future development and validation of practical models for estimating the UR eff accurately.
Future measurement and modeling work should be extended to standard ATD tubes packed with other sorbents, or to different sampling durations. Some available UR datasets using ATD tubes include: (1) 24-h URs on Carbopack X solid sorbent for 27 VOCs determined in laboratory chamber [16] ; (2) 4-day URs on Tenax TA and Carbopack B for 10 VOCs determined in laboratory chamber [37] ; and (3) 4-to 10-day URs on Carbopack B for 68 VOCs determined by field tests [38] . Depending on the analyte/sorbent combination, the adsorption behavior might be completely different and new models should be developed. Future work should also consider other passive samplers, e.g., 3M OVM, SKC, GABIE and Radiello samplers. The advantage of these other samplers is their fixed geometry and configuration, in contrast to the flexibility of ATD tubes. We anticipate the need for a user friendly software program or an online database that is capable of generating effective uptake rates given input parameters such as sampler type, sorbent, target compound and exposure duration. The database will not only promote the popularity of passive sampling techniques but ensure valid measurements.
Conclusions
This study developed and confirmed empirical models that can determine effective uptake rates (UR eff ) on the standard ATD tubes for a wide range of VOCs commonly detected in the environment. It fills an important data gap in the passive air sampling research. For short-term passive sampling (4-8 h) in occupational settings, UR eff values can be modeled with available retention volumes or boiling points for aromatics, branched alkanes and cycloalkanes, chlorinated compounds, esters and ketones but not for alcohols. For long-term passive sampling (7 days) in environmental settings, the sampling efficiency (α) can be calculated from a function of boiling point for alkanes, aromatics, chlorinated compounds, carbonyls and terpenes. Ideal URs calculated by the Fick's Law and tube geometry typically overestimate the actual sampling rate and cause biases. In the order of preference, we recommend using laboratory determined URs followed by field validations, field determined URs and modelled URs under the same conditions. We suggest extending research on measuring and modeling effective uptake rates to ease the use of passive sampling among the general users. Author Contributions: Chunrong Jia conceived and designed the experiments, analyzed the data and wrote the paper; Xianqiang Fu performed the experiments, analyzed the data and reviewed the manuscript.
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